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Abstract. The sec18 and sec23 secretory mutants of
Saccharomyces cerevisiae have previously been shown
to exhibit temperature-conditional defects in protein
transport from the ER to the Golgi complex (Novick,
P., S. Ferro, and R. Schekman. 1981. Cell. 25:461-
469) . We have found that the Sec18 and Sec23 protein
functions are rapidly inactivated upon shifting mutant
cells to the nonpermissive temperature (<1 min). This
has permitted an analysis of the potential role these
SEC gene products play in transport events distal to the
ER. The sec-dependent transport of a-factor (af) and
carboxypeptidase Y (CPY) biosynthetic intermediates
present throughout the secretory pathway was moni-
tored in temperature shift experiments. We found that
Sec18p/NSF function was required sequentially for
protein transport from the ER to the Golgi complex,
through multiple Golgi compartments and from the
Golgi complex to the cell surface. In contrast, Sec23p
T
HE Golgi complex plays an important role in the post-
translational modification of glycoproteins and in the
sorting of these proteins to their appropriate destina-
tion. In mammalian cells the Golgi complex is divided into
at least four spatially and functionally distinct regions : cis,
medial, trans, and the trans-Golgi network (TGN)' (Palade,
1975; Farquhar, 1985; Pfeffer and Rothman, 1987). These
Golgi compartments differ in their content of specific en-
zymes involved in the posttranslational modification of gly-
coproteins. In addition, lysosomal enzymes appear to be
sorted from secreted proteins in the TGN, indicating that
protein sorting reactions are also restricted to specific com-
partments ofthe Golgicomplex (Grifths and Simons, 1986;
Dahms et al., 1989). Although Saccharomyces cerevisiae
has become an important model organism for studying the
secretory pathway, the compartmental organization of the
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function was required in the Golgi complex, but only
for transport of of out of an early compartment. To-
gether, these studies define at least three functionally
distinct Golgi compartments in yeast. From cis to
trans these -compartments contain: (a) An a 1-6 man-
nosyltransferase; (b) an al-3 mannosyltransferase;
and (c) the Kex2 endopeptidase.
Surprisingly, we also found that a pool of Golgi-
modified CPY (p2 CPY) located in a compartment
distal to the al-3 mannosyltransferase does not require
Sec18p function for final delivery to the vacuole. This
compartment appears to be equivalent to the Kex2
compartment as we show that a novel vacuolar CPY
af-invertase fusion protein undergoes efficient Kex2-
dependent cleavage resulting in the secretion of inver-
tase. We propose that this Kex2 compartment is the
site in which vacuolar proteins are sorted from pro-
teins destined to be secreted .
yeast Golgi complex has not been extensively characterized.
Reasons for this include: (a) The wild-type yeast Golgi has
been difficult to identify by EM, possibly because it lacks
the customary stacked cisternal morphology of the mam-
malian Golgicomplex; (b) subcellular fractionation of yeast
organelles has not yet resulted in the clean separation of
Golgienzyme activities; and (c) few mutants (sec7and sec14)
that affect protein transport through the yeast Golgi have
been isolated (Esmon et al., 1981; Novick et al ., 1981) . Re-
cently however, Franzusoffand Schekman (1989) have pre-
sented evidence that the enzyme(s) which catalyze al-6
linked mannose addition to yeast glycoproteins appear to
be sequestered in an early Golgi compartment that lacks
al-3 mannosyltransferase and Kex2 endopeptidase activi-
ties (Franzusoff and Schekman, 1989). In addition, Cunning-
ham and Wickner (1989) have reported that membranes en-
riched for an cal-3 mannosyltransferase activity and Kex2
endopeptidase activity can be partially separated in a Percoll
density gradient (Cunningham and Wickner, 1989) . The im-
plication from these studies is that, like the mammalian
Golgi complex, the yeast Golgi complex may be composed
of discrete cisternae with specific functions in glycoprotein
modification and sorting.
207Both genetic and biochemical approaches are being used
to study how proteins are transported through the secretory
pathway. In yeast, a number of temperature-conditional se-
cretory (sec) mutants have been isolated in which protein
secretion is blocked at the nonpermissive temperature (No-
vick et al., 1980; Novick and Schekman, 1979). These sec
mutants were classified into groups that exhibited defects ei-
ther in protein transport from the ER, or from the Golgi
complex, and those that accumulated 80-100-nm secretory
vesicles (Esmon et al., 1981; Novick et al., 1981). Mutants
defective in transport from the ER have been further divided
into those that accumulated 50-nm transport vesicles (class
II, e.g. secl8) and those that did not (class I, e.g. sec23). The
class I SECgene products are thought to be required for bud-
ding transport vesicles from the ER and the class II gene
products for catalyzing the transport and/or fusion of these
vesicles with the target membrane (Kaiser and Schekman,
1990) . Using an in vitro reconstitution assay, Rothman and
colleagues (1989) have shown that protein transport between
adjacent cisternae ofthe mammalian Golgicomplex involves
several obligate subreactions which appear to include: the
budding of coated transport vesicles from the donor mem-
brane, targeting and attachment of these vesicles to the ap-
propriate acceptor compartment, uncoating of the vesicles,
and the subsequentfusion ofthese vesicles with the acceptor
compartment membranes (Orci et al., 1989). The first pro-
tein to be purified using this assay was called N-ethylmalei-
mide sensitive factor (NSF) and was found to act in the fu-
sion stage of the reaction (Block et al., 1988 ; Malhotra et
al., 1988). Subsequently, NSF was also found to be required
in vitro for ER to Golgi protein transport and for fusion of
endocytic vesicles with endosomes suggesting that NSF has
a crucial role in many intercompartmental protein transport
events (Beckers et al., 1989; Diaz et al., 1989) . The genetic
approach described above and this biochemical approach
have recently converged. The SEC18 gene and NSF cDNA
have been cloned, sequenced and found to encode proteins
48% identical in amino acid sequence (Eakle et al., 1988 ;
Wilson et al., 1989). In addition, Sec18p can replace NSF
in the mammalian intea-Golgi transport assay indicating that
these two proteins share a common biochemical function
(Wilson et al ., 1989). In yeast, it is not known if Sec18p or
any of the early SEC gene products are required for inter-
compartmental protein transport events distal to the ER to
Golgi transport step.
In this work we have used a novel approach to examine the
potential requirement for early SEC gene products in protein
transport through compartments of the yeast secretory path-
way in vivo. We found that protein transport through the
yeast Golgi was rapidly and completelyblocked when secl8
mutant cells were shifted to the nonpermissive temperature
and that multiple steps in the biosynthesis and secretion of
a factor (af) were blocked. We also found that Secl8p was
required for transport ofcarboxypeptidase Y (CPY) through
the yeast Golgi complex but not for final delivery of CPY to
the vacuole. On the other hand, Sec23p was only required
for protein transport from an early Golgicompartment in ad-
dition to its requirement for ER to Golgi transport. Further,
we show that vacuolar proteins are sorted from the secretory
pathway at, or beyond a late Golgi compartment that con-
tains Kex2p. We discuss these observations in terms of the
compartmental organization of the yeast Golgi complex.
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Materials andMethods
Strains andMedia
Yeast and E. coli strains used in this study are listed in Table I. Standard
rich media for yeast (Sherman et al., 1979) and Escherichia coli (Miller,
1972) was used. The minimal proline media ofWickerman (WiMP) (Wick-
erham, 1946) was supplemented with 0.2% yeast extract (WiMPYE) and
other supplements as needed.
Reagents
Zymolyase-100T was obtained from Seikagako Kogyo Co. (Tokyo, Japan),
endoglycosidase H was from New England Nuclear (Boston, MA), DNA
modifying enzymes were from New England Biolabs, Inc. (Beverly, MA)
and were used as instructed, Trans 35S-label was from ICN Radiochemi-
cals (Irvine, CA) and 0.2-0.3-mm glass beads were from Glen Mills Inc.
(Maywood, NJ). Allotherchemicals were purchased from Sigma Chemical
Co. (St. Louis, MO). Antisera to cxf, al-6 mannose linkages and al-3
mannose linkages were gifts from R. Schekman (University of California,
Berkeley, CA). The specificity ofthese antibodies has been described else-
where (Franzusoff and Schekman, 1989). Antisera to CPY and invertase
have been previously described (Klionsky et al., 1988).
Plasmid Construction
The pCaI constructs were made by subcloningthe 63 by HindUI fragment,
containing one of repeat, from pSE200 (Emr et al ., 1983) into the Hindlu
site of pCYI-50 (Johnson et al., 1987). To construct pTG-SEC18, pSEY8-
SEC18(Eakle et al., 1988) was digested with HindIII, the ends were made
blunt using the Klenow fragment of DNA polymerase I, then cut with
BamHI and the resulting 3-kbp fragment containing the SEC18 gene was
subcloned into the BamHI, EcoRV sites of pRS313 (Sikorski and Hieter,
1989).
CellLabelingandImmunoprecipitation
Yeastcells were grown to mid-logarithmic phase inWiMPYE and then pre-
pared for radiolabeling as described (Klionsky et al., 1988). To initiate
labeling, Tran35S-label was added to a final concentration of 250 ACi/ml
to cells at 10 ODboo U/ml in WiMP, 1 mg/ml BSA. Cells were chased by
adding an equal volume of labeling media containing 2 mM cysteine and
5 mM methionine and the chase was subsequently terminated by adding
TCA to a final concentration of 5%. The TCA precipitates were washed
twice with acetone, dried, resuspended in 100,ul ofbreaking buffer (50mM
Tris-Cl, pH 7.5, 6 M urea, 1% SDS, and 1 mM EDTA), and vortexed 1 min
in the presence of glass beads. After boiling for 4 min, 100 Jd ofa CB018
extract (a glass bead lysate of strain CB018, equivalent to 100 ODboo U/ml
yeast in 1% SDS, 1% NP40, 50 mM Tris-Cl, pH 7.5, and 1 mM EDTA)
and 800 A1 of immunoprecipitation dilution buffer (50 mM Tris-Cl, pH 7.5,
1.25 % Triton X-100, 190 mM NaCl, 6 mM EDTA) were added and the ly-
sates cleared by centrifugation in a microfuge for 15 min. The appropriate
antiserawas addedtothe supernatant anda single immunoprecipitation was
done as previously described (Klionsky et al., 1988). CPY and of samples
were electrophoresed in 9 and 17% SDS-polyacrylamide gels, respectively,
as previously described (Laemmli, 1970). After electrophoresis the gels
were fixed and treated with sodium salicylate aspreviously described (Julius
et al., 1984b). Cells were converted to spheroplasts as described (Vida et
al., 1990) except Zymolyase 100T was used at 10 ug/OD6m U of cells.
Spheroplasts were labeled as described above exceptthe labeling and chase
media were made 1.0 M in sorbitol .
Results
Rationale
The role of NSF in Golgi transport in vitro suggested that
SEC18 may be required for similar steps in vivo. Other SEC
gene products might also be expected to function in multiple
steps along the secretory pathway. In the original experi-
ments designed to characterize the position of the secretory
block in sec mutants, mutant cells were shifted to the non-
208Figure 1. Transport and posttranslational modification of of and CPY. The proteins analyzed in this study, CPY, af, and invertase are
subject to core glycosylation and signal sequence cleavage in theER (Fuller et al ., 1988 ; Klionsky et al ., 1990) . The core oligosaccharides
are extended in the Golgi complex by the sequential addition of al-6, al-2, and al-3 linked mannose residues (Esmon et al ., 1981 ;
Ballou, 1982) . CPY receives only limited mannose extension which results in a discrete mobility shift when analyzed by SDS-PAGE (PI
CPYtop2 CPYtransition) . Invertase and ofreceive more extensive mannose addition due to elongation of branched al-6 mannose chains.
This results in the addition of 50-100 mannose residues per N-linked oligosaccharide (Ballou et al ., 1990) and in these hyperglycosylated
forms migrating as a heterogeneous smear in SDS-polyacrylamide gels . The pro-afpolypeptide contains four repeated copies ofthe mature
13 amino acid peptide (Kurfan and Herskowitz, 1982) . These peptides are excised from the precursor, presumably in the Golgi complex,
by the concerted action of Kex2 endopeptidase (Kex2p), Kexl carboxypeptidase, and dipeptidylaminopeptidase A (Ste13p) (Bussey, 1988 ;
Fuller eràl 1 1988). While invertase and mafare secreted from the cell, CPY is efficiently removed from the secretory pathway and deliv-
ered to the vacuole where it is proteolytically processed by proteinase A (the PEP4 gene product) and proteinaseB to the mature CPY
(mCPY) (Mechler et al . ; 1987) . The migration pattern of precursor and mature forms of of and CPY in SDS-polyacrylamide gels are
shown . These proteins were immunoprecipitated from wild-type cells after a brief labeling period as described in Materials and Methods.
permissive temperature before labeling and the extent of
posttranslational modification ofthe labeled secretory glyco-
proteins was determined (Esmon et al ., 1981 ; Novick et al.,
1981) . In the case of an early sec mutant, like secl8, a re-
quirement for this gene function in transport events late in
the secretory pathway would bemasked in such experiments
because sec18 acts at the early event of protein transport out
of the ER . We reasoned that if the mutant early sec gene
products were susceptible to rapid thermal inactivation, we
could test for a role of these gene products in transport events
subsequent to protein transport out of the ER . By briefly
labeling mutant cells first at the permissive temperature,
then shifting the cells to the nonpermissive temperature,
we could ask if labeled glycoprotein precursors present in
the Golgi complex require SEC gene function to continue
transport through the secretory pathway. We chose of and
CPY as model secreted and vacuolar proteins, respectively,
because both of these glycoproteins undergo specific mod-
ifications in the yeast Golgi complex (Fuller et al ., 1988 ;
Klionsky et al ., 1990) . These modifications can be easily
monitored by electrophoretic mobility differences in the pre-
cursor forms of these proteins during SDS-PAGE and by
using mannose linkage-specific antibodies (Fig . 1) . This per-
mitted us to determine the fate of of and CPY intermediate
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forms present in the Golgi complex in the experiments de-
scribed below.
RequirementforSec18pand Sec23p in the Processing
and Secretion ofof
We tested all ofthe early acting sec mutants for a rapid onset
of the secretion defect by labeling mutant cells immediately
after shifting the cultures to the nonpermissive temperature
(see Tàble I for a list of sec mutant strains which were tested) .
Only the sec12-4, sec18-1, and sec23-1 mutants accumulated
the ER form ofCPY (pl CPY) exclusively. All of the other
sec mutants displayed a slower phenotypic onset as judged
by the appearance of mCPY in this experiment (data not
shown) . We found that the sec23-1 and secl8-1 mutants dis-
played the most rapid and tightest phenotypic onset (Figs. 2
and 3) . These two mutants were chosen for further study.
To mark compartments ofthe secretory pathway with radio-
labeled transport intermediates ofaf, we briefly labeled mu-
tant (secl8 and sec23) and wild-type yeast cells at a permis-
sive temperature (20°C) slightly below that which is normally
used . The reduced rate of protein transport at this tempera-
ture allowed us to easily detect ofbiosynthetic intermediates
and to follow multiple modification events simultaneously .
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In addition, the kinetics of protein transport in wild-type
(strains X2180 and SEY6210) and sec mutant (strains DKY
6183, SEY5188, and SF 309-2C) cells were nearly identical
at 20'C (data not shown). The relative abundance and elec-
trophoretic mobility ofthe different of forms immunoprecip-
itated after the 20°C labeling period are shown in the first
two lanes of each panel (A-C) in Fig. 2 . Assuming that the
modification reactions are rapid relative to protein transport,
these precursor forms should mark the compartment in which
the modification occurred (Balch et al., 1984) (Fig. 1) . The
cells were then chased at the nonpermissive temperature
(37°C) . In the case of wild-type cells (Fig. 2 A), the of
precursors rapidly chased to mature of (maf) which was
secreted from the cells. In contrast, further modification and
processing of the ER and Golgi forms of of were completely
blocked in sec18 mutant cellsaftershifting to 37'C (compare
Fig. 2 B to A) .
These data show that in addition to the rapid and complete
block in ER to Golgi protein transport, proteins in the Golgi
complex are also susceptible to the sec18 transport block.
Multiple steps in the posttranslational modification of of
could not occur in the absence of SEC18 gene product func-
tion. In addition, most maf was retained with the cell over
the 60-min chase period indicating secretion of maf also re-
quired Secl8p function. Four distinct steps in ofbiosynthesis
were observed to require Secl8p function: (a) Conversion of
core glycosylated pro-af to the al--6 mannosylated form;
(b) conversion of al --6 modified pro-af to the al--3 man-
nosylated form; (c) proteolytic processing ofthe al -3 mod-
ifiedpro-afby Kex2 endopeptidase to the mature form (maf);
and (d) secretion of maf into the media (See Fig. 1 and the
legend to Fig. 2 for a description of the of precursor forms).
If these Golgi-associated reactions occurred in the same com-
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partment, we would have expected these modifications to
continue after the temperature shift and all of the hyper-
glycosylated pro-af forms would have been converted to
maf. Because this was not the case, and because Secl8p/
NSF has previously been shown to function in the cytoplasm
to promote the transfer of proteins from one compartment
to another (Wilson et al., 1989), we suggest these process-
ing reactions occur in separate compartments of the Golgi
complex.
We considered thepossibility thatprotein transport through
the yeast Golgi complex was somehow coupled to ER to
Golgi transport such that the apparent requirement for Sec-
18p in the Golgi complex was an indirect consequence of its
requirement in protein transport from the ER. Results with
the sec23 mutant make this unlikely. In this mutant, we
foundthat core glycosylated and the al-6 mannosylated form
of of were blocked from receiving further modification, but
proteolytic processing of the al--3 mannosylated form and
the secretion of maf appeared unaffected (Fig. 2 C). The
data shown in Fig. 2 B and the results of others (Baker et al.,
1988; Franzusoff and Schekman, 1989) indicate that al--6
linked mannose addition to of does not occur in the ER, but
appears to be restricted to an early Golgi compartment .
Therefore, the data shown in Fig. 2 C indicate that Sec23p
is required early within the yeast Golgi complex but not for
steps distal to the al-6 linked mannose addition to pro-af.
In addition, it appears that intercompartmental protein trans-
port events within the Golgi complex and beyond can occur
efficiently in the absence of ER to Golgi transport. There-
fore, the requirement for Secl8p at multiple transport steps
in the secretory pathway is unlikely to be a secondary conse-
quence of its requirement in ER to Golgi protein transport.
Table I. Strains Used
Yeast strains Genotype Source
SEY6210 MATa ura3-52 leu2-3,112 his3-0200 Robinson et al., 1988
trpl-0901 lys2-801 suc2-09
SEY5188 MATbt sec18-1 suc2-09 leu2-3,112 ura3-52 This study
DKY6183 MATcz sec18-1 Apep4::LEU2 ura3-52 D. Mionsky (University of
leu2-3,112 his3-0200 ade2-10 California, Davis, CA)
DKY6224 MATa ura3-52 leu2-3,112 trpl-0901 Klionsky et al., 1988
his3-0200 ade2-101 suc2-09 0pep4::LEU2
X2180 IB MATa ga12 Novick et al. 1980
SF274-3A MATa ga12 sec12-4 C. Field and R. Schekman
(University of California,
Berkeley, CA)
SF276-6C MATa ga12 sec13-1 C. Field and R. Schekman
SF280-3C MATa ga12 sec16-2 C. Field and R. Schekman
SF281-IC MATa gal2 sec17-1 C . Field and R. Schekman
SF284-2A MATa ga12 sec20-1 C. Field and R. Schekman
SF286-4B MATa gal2 sec21-1 C. Field and R. Schekman
SF303-IA MATct gal2 sec22-3 C . Field and R. Schekman
SF309-2C MATbe ga12 sec23-1 C . Field and R. Schekman
XMC36-10d MATa kex2-1 ura3-52 leu2-3,112 his4-580 J. Thorner (University of
trpl-289 gal California, Berkeley, CA)
CB018 MATa can1-100 ade2-1 °chis3-11,15 R. Fuller (Stanford Uni-
leu2-3,112 trpl-1 ura3-1 Apep4::HIS3 versity, Palo Alto, CA)
Aprbl ::hisG Aprcl::hisG.
E. coli strain
DH5a F-080dlacZAM15 0(lacZYA-argF)U169 Bethesda Research
endAl recAl hsdR17(rKmK') deoR thi-1 Laboratories, Inc.
supE44X-gyrA96 MAI (Gaithersburg, MD)Figure 2 . Immunoprecipitation of of from cells pulse labeled at
20°C and then shifted to 37°C . (A)Wild-type(DKY6183 harboring
the centromeric vector pTG-SEC18), (B) sec18 (DKY6183), or (C)
sec23 (SF309-2C) cells were labeled at 20°C for 7-U2 min as de-
scribed in Materials andMethods . To initiate achase at the nonper-
missive temperature, an equal volume of media containing 5 mM
methionine and 2mM cysteine, prewarmed to 42°C, was added to
the cultures which were then incubated at 37°C. Equal aliquots of
cells were removed at the indicated time points, centrifuged briefly
(20 sec) in a microfuge to separate the cells (C) from the media
(M), and the chase wasstopped by the addition ofTCA. of was re-
covered from the samples by immunoprecipitation and was subse-
quently eluted from the primary antibody by boiling in 1% SDS.
The eluates were divided into three fractions, one fraction was
saved for electrophoresis (lanes 1-6) while the other two fractions
were diluted with IP buffer (Materials and Methods) and subjected
to a second immunoprecipitation either with antisera specific to
a1-6 linked mannose (lanes 7-9), or specific toa1-3linked man-
nose (lanes 10-12) . The al-6 linkage specific antisera immuno-
precipitates all hyperglycosylated of forms, including those forms
that have subsequently been modified with o1-2 and a1-3 man-
nose residues .Forclarity, we have described the material that reacts
with theo1-6 but notal-3 linkage specific antisera as thea1-6
mannosylated of form . The al-3 linkage specific antisera only
recognizes the fully hyperglycosylated form that contains al-3
linked mannose . The mature of peptide is not glycosylated so the media samples were not subjected to the second immunoprecipitation .
The positions of unglycosylated (20 kD), core glycosylated (26 kD), 0l-6 mannosylated (28-90 kD), al-3 mannosylated (ti90-150
kD), and mature of(N2kD) forms are noted . Theexposure time of lanes 7-12 was 2.5x that of lanes 1-6 in C . All other exposure times
were equivalent . The hyperglycosylated material shown in lane 6of Cwas not fully recovered in the second immunoprecipitation with
o1- 6 linkage specific antibodies (lane 9 of C) . Longer exposure of the primary immunoprecipitates (lanes 1-6), and other experiments
not shown, indicate that the majority ofthe al-6 mannosylated form is blockedfrom further transport in sec23 cells at 37°C . Results with
the wild-type strain isogenic to SF309-2C are not shown because the data were very similar to that shown in panelA. of is prone to rapid
degradation, particularly at 37°C ; therefore, asec18 strain deficient in many vacuolar protease activities (DKY6183)wasused to help stabi-
lize the peptide.
RequirementforSec18pandSec23p in the Ransport
￿
that Sec18p is a general transport factor required for most,
andMaturation ofCPY
￿
if not all, intercompartmental protein transport steps along
the secretory pathway in vivo . To test whether Sec18p also
Consistent with in vitro observations (Wilson et al ., 1989 ;
￿
acts in protein transport to the vacuole, we briefly labeled
Beckers et al ., 1989 ; Diaz et al ., 1989), our data indicate
￿
mutant and wild-type yeast cells at the permissive tempera-
Graham and Emr Compartmental Organization ofthe Yeast Golgi
￿
21 1Figure3 . Immunoprecipitation ofCPY from cells pulse labeled at
20°C and then shifted to 37°C. Wild-type (SEY5188 harboring
pSEY8-SEC18),sec18(SEY5188), or sec23(SF309-2C) cells were
labeled for 10 minandthen chased for6min at 20°C . The cultures
were shifted to 37°C and aliquots of cells were removed after the
indicated time and stopped by the addition ofTCA . The samples
were subjected to immunoprecipitation with CPY antisera as de-
scribed in Materials and Methods . The position of pl, p2, and
mCPY are noted .
ture (20°C) to populate prevacuolar compartments with la-
beledCPY precursors . TheCPY precursor distribution that
was present after this labeling period is shown in Fig . 3 (0
min) . pl CPY marks ER and early Golgi compartments
(Franzusoff and Schekman, 1989), p2 CPY is present in
more distal Golgicompartment(s)andmCPY is in the vacu-
ole (Fig . 1) . Upon shifting to 37°C alloftheCPYprecursors
efficiently chased to mCPY in wild-type cells (Fig . 3) . How-
ever, in the sec18 and sec23 cells, the amount ofpl CPY did
not change significantly over the 40-min chase period at
37°C . This indicates that these mutant sec gene products
were rapidly thermally inactivated in this experiment . Sur-
prisingly, p2 CPY was only partially blocked from proteo-
lytic processing in thesec18 cells . Approximately 70% of p2
CPY was rapidly converted to mCPY (1/2 time of2.5 min)
while the remaining 30% was stable during the entire chase
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period . Both p2 CPY and mCPY in this experiment were
quantitatively recovered in a second immunoprecipitation
using anti-al-3 linkage-specific antisera indicating that all
of p2 CPY had reached a compartment that contains the
al-3 mannosyltransferase (datanot shown) . In sec23 cells,
the transition ofp2 to mCPY went to completion even though
pl CPY was completely blocked from further modification
(Fig. 3) . Again, this indicates that the partial block of p2
CPYseen in thesec18 cellswas notasecondary consequence
of blocking ER to Golgi transport. After shifting sec18 cells
back to thepermissive temperature after 10min at 37°C, we
found that >90% oftheremaining pl andp2 CPY were con-
verted tomCPY (datanotshown) . Thesec18 transportblock
wasreadily reversible ; therefore, cell death or dead-end trans-
port intermediates cannot account for the sec18 block in p2
CPYmaturation . We also found that theGolgi-modified pro-
teinaseA precursor(another vacuolar enzyme) waspartially
blocked in sec18 cells at thenonpermissivetemperature indi-
cating that this phenomenon was not specific to CPY (data
not shown) .
Figure 4 . The percentage of p2 CPY blocked from maturation in
sec18 cells depends on the age of the enzyme . Strain SEY5188
(sec18) was labeled for 8 minand then chased at 20°C. (A) At the
time points indicatedtwo aliquots were removed, onewas immedi-
ately stopped with TCA, the other aliquot was shifted to 37°C, and
incubated an additional 20 min before stopping with TCA . CPY
was quantitatively recovered from each sample by immunoprecipi-
tation andwas subjected to SDS-PAGE . After autoradiographyand
quantitation by laser densitometry, the amount of p2 CPY present
inthe37°C samplewasdivided by that amount in the corresponding
20°C sample . (B) The closed boxes represent the percentage of p2
CPY present in the 20°C sample blocked from maturation during
the 37°C chase . The open boxes represent the percentage of p2
CPY that is converted to mCPY during the 37°C chase .
212One way to explain these data is to propose that p2 CPY
exists in at leasttwo compartments in the cell. Secl8p may be
required for transport of p2 CPY from the compartment in
which it is formed to a latercompartment, but not for trans-
port of p2 CPY from this second compartment to the vacu-
ole. This predicts that newly formed p2 CPY would require
Secl8p function for transport to the vacuole, but as p2 CPY
moved to a later compartment(s) it would become indepen-
dent of Secl8p for continued transport. To test this model,
an experimentwas done with sec18 cellssimilar to that shown
in Fig. 3, except the chase times at the permissive tempera-
ture were varied from 8-28 min. This was done to generate
labeled poolsofp2 CPY corresponding to newly synthesized
p2 CPY as well as kinetically older p2 CPY At the time
points indicated in Fig. 4 A, two equal aliquots of cells were
removed. One aliquot was immediately stopped with TCA to
mark the progression of CPY and the other was shifted to
37°C for 20 min and then stopped with TCA. After immu-
noprecipitation, electrophoresis, and autoradiography, the
amount of p2 CPY in these two samples was quantitated
by densitometry and compared. As an internal control, the
amount of pl CPY in each pair of samples showed that the
temperature conditional block was established efficiently at
each time point and that the recovery of CPY from the TCA
pellets was nearly equivalent for each sample. We found that
the small amount of p2 CPY formed by the first time point
(new p2 CPY) was almost completely blocked from matura-
tion upon temperature shift to 37°C. However, as the chase
continued atpermissivetemperature, a greater percentageof
p2 CPY was matured after the culture was shifted to the non-
permissive temperature. These results indicate that there
were two pools ofp2 CPY in these cells. One pool of newly
formed p2 CPY required Secl8p for entry into the second
pool. This second pool of p2 CPY, kinetically distal to the
first pool, was independent ofSecl8p for continued transport
to the vacuole. As suggested above, it is likely that these two
pools of p2 CPY represent residence in at least two com-
partments ; one that contains the al-3 mannosyltransferase
which is required for the formation of p2 CPY, and a later
compartment that may act as a donor for transport to the
vacuole.
Intercompartmental Transport to the Vacuole Is
Secl8p Independent
Our data suggest that all intercompartmental protein trans-
port events in the biosynthetic pathway, except for transport
to the vacuole, require Secl8p function. This interpretation
is based on the assumption that the conversion of p2 CPY
to mCPY is indicative of intercompartmental transport to
the vacuole. This appears to be the case for wild-type cells
(Stevens et al., 1982 ; Mechler et al ., 1987; Vida et al .,
1990), but we were concerned about uncovering proteolytic
processing events in secl8 cells not normally seen in wild-
type cells. We needed to show a physical difference in the
compartments that contain p2 CPY and mCPY to demon-
strate that an intercompartmental transport event can occur
in the absence of Secl8p function. When yeast spheroplasts
are diluted into a hypotonic medium, cells efficiently lyse as
do their vacuoles, yet most ER and Golgi vesicles remain in-
tact such that the soluble lumenal constituents of these or-
ganelles can be sedimented with the membranes (Eakle et
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al., 1988; Vida et al., 1990). If p2 CPY was being trans-
ported to the vacuole in sec18 cells at the nonpermissive tem-
perature then we would expect the p2 CPY present at time
0' (Fig. 3) to be in a compartment stable to hypotonic stress,
but after conversion to mCPY it would be in a hypotonically
fragile compartment. Yeast spheroplasts were labeled at per-
missive temperature as described for Fig. 3 and then chased
at 37°C for 10 min. Equal aliquots of cells were taken at 0
and 10 min of chase (at 37°C) and were lysed in a hypotonic
medium. The lysates were then centrifuged at 100,000 g to
divide the sample into a sedimentable fraction and soluble
fraction. We found that >90 % ofpl and p2 CPY was recov-
ered in the pellet fraction both before (0 min at 37°C) and
after(10 min at 37°C) the temperature conditional blocksug-
gesting that little, if any, ofthese precursors were in the vacu-
ole (Table 1I). In contrast, -90% ofthe mCPY formed under
these conditions was in the soluble fraction. This suggests
that p2 CPY was rapidly processed to mCPY when it reached
this osmotically sensitive compartment, and that maturation
was not occurring in the same compartment that initially
contained the Secl8p-independent pool ofp2 CPY No differ-
ence was seen between mutant or wild-type cells in this ex-
periment (Table 11). The experiment was also done with a
secl8 pep4 strain in which p2 CPY cannot be processed to
mCPY even though vacuolar transport is not affected (Hem-
mings et al., 1981; Stevens et al., 1982 ; Zubenko et al.,
1983) . At 10 min after shifting to 37°C, -65% of p2 CPY
was in the soluble fraction as would be expected ifthis amount
had been transferred to the vacuole. This shows that p2 CPY
does not appreciably interact with the vacuolar membrane
and therefore should have been released into the supernatant
Tableli. Differential Sedimentation ofMature and
PrecursorForms ofCPYafter Osmotic Lysis ofsec18
or Wild-type Spheroplasts
secl8
SEC18
21 3
Wild type (SEY5188 harboring pSEY8-SEC18) or sec18 (SEY5188) cells were
converted to spheroplasts and then labeled for 10 min and chased for 6 min at
20°C as described in Materials and Methods. The cultures were shifted to
37°C and aliquots were removed at 0 and 10 min ofnonpermissive chase and
diluted 10-fold in a hypo-osmotic buffer as previously described (Eakle et al.,
1988). Unbroken cells were removed by centrifugation at 2,000 g for 2 min
and the resulting supernatant was subjected to centrifugation at 100,000 g for
40 min. Immunoprecipitations using CPY antisera were performed on the
100,000 g pellet and supernatant fraction. A portion of the starting material
was also immunoprecipitated to control for recovery from the ultracentrifuge
spin. Only experiments in which >90% ofthe CPY was recovered were includ-
ed in the quantitation. After electrophoresis and autoradiography the amount
of each CPY form recovered from the fractions was quantitated by laser den-
sitometry. The values are averaged from three experiments and expressed as
the percentage of the total CPY form present in the pellet or supernatant frac-
tion (for example, [pl CPY in pellet/pl CPY in pellet + pl CPY in superna-
tant) x 100).
Percent in pellet Percent in supt
pl 95 5
0'
~
p2 96 4
m
pl 96 4
10,
~
p2 91 9
m 8 92
pl 93 7
0' p2 90 10
m
pl 98 2
10,
~
p2 96 4
m 10 90if it were in the vacuole in the experiments using the PEN
strain . We conclude from these experiments that p2 CPY is
being transferred from anosmotically stable compartment(s)
(characteristic ofthe Golgi vesicle) to an osmotically sensi-
tive compartment (characteristic of the vacuole) be a Secl8/
NSF independent mechanism .,
Proteins Destinedfor the Vacuole Transit through
aCompartment that Contains Kex2p
The compartmental organization ofthe yeast Golgi complex
indicated by the above experiments raised the interesting
question ofwhere in the secretory pathway does protein sort-
ing to the vacuole occur? Both CPY and of require the
MNNI gene product for al-3 mannosylation suggesting
that sorting occurs after . this event (Ballou, 1982 ; data not
shown) . Our data indicated that a distinct compartment hous-
ing Kex2p is distal to a compartment which catalyzes (XI-3
linked mannose addition (Fig . 2) . We reasoned that a por-
tion, if not all, of the Secl8p independent pool of p2 CPY
may be localized to the same compartment as Kex2p. It is
notknown ifvacuolar proteins are sorted from the secretory
pathway before reaching the Kex2 endopeptidase because
none ofthe vacuolar enzymes characterized to date areknown
to be a substrate for this endopeptidase (Klionsky et al .,
1990) . We have constructed a trimeric gene that encodes a
vacuolar protein that is a substrate for Kex2p by cloning a
63-bp fragment of the MFal gene into a previously charac-
terized CPYinvertase chimera (Johnson et al ., 1987; see
Materials and Methods) . The product ofthisnew fusion gene
(C6I) contains theCPY vacuolar targeting signal at its amino
terminus, separated from enzymatically active invertase at
the carboxy terminus by aKex2p cleavage site (LysArg) pres-
ent in the ofinsert . We isolated trimeric constructs with the
of fragment cloned in either direction (COI, CU While
both orientations maintain the open reading frame, only the
'
￿
tion encodes a Kex2 cleavage site (Fig . 5
A) . If theCOI fusion protein transits through theKex2pcom-
partment, invertase should be cleaved free from the CPY
vacuolar targeting signal . Furthermore, if this cleavage oc-
curs before sorting and commitment of the COI fission pro-
tein to the vacuole then the invertase fragment released from
the triple fusion should be secreted .
As previously described (Johnson et al., 1987), the parent
CPYinvertase fusion is efficiently sorted to the vacuole,
therefore most of the invertase activity (795%) is retained
in the cell (CYI, Fig . 5 B) . The transitpathway for this fusion
protein appears to be identical to intactCPY (Johnson et al .,
1987) . In contrast, 70% of invertase activity was secreted
from cells expressing the triple fusion with the of fragment
cloned in the proper orientation (CM) . The action ofKex2
endopeptidase was required forthe secretion ofinvertase ex-
pressed from the COI construct as invertase is not secreted
from kex2 mutant cells expressing this construct . KEX2
cells expressing the C&&I construct also do not secrete inver-
tase activity (Fig. 5 B) . All of the strains expressing these
constructs contain similar levels of invertase activity as de-
ternlined by quantitative assays. The parent CPY-invertase
fusion (CYI) is secreted by vps mutant yeast which exhibit
pleiotropic defects in vacuolar protein sorting (Bankaitis et
al ., 1986 ; Robinson et al., 1988 ; Rothman et al., 1989 ;
Rothman and Stevens, 1986) . Invertase is also secreted by
The Journal of Cell Biology, Volume 114, 1991
vps cells expressing the C&I fusion protein. This suggests
that the insertion of 20 amino acids encoded by the of gene
does not affect the vacuolar transit pathway of these fusion
proteins (data not shown) .
The fusion protein initially expressed from the Câ1 con-
struct reacted with invertase antibodies and migrated in
SDS-PAGE as a 63-kD protein after endoH treatment, con-
sistent with the size calculated from its amino acid sequence
Figure 5 . KEX2-dependent secretion of invertase from cells ex-
pressing aCPYcxf-invertase trimeric fusion protein. (A) Schematic
drawing of the fusion proteins . The amino acid sequence encoded
by the of insert in the proper orientation (Cal) and in the opposite
orientation (CaI) are shown . The amino acid sequence of the
mature cxf peptide is boxed and the peptide bond that is cleaved by
Kex2 endopeptidase is marked with an arrow. Thehatched segment
represents the first50 amino acids ofCPY which contains the signal
sequence and the vacuolar targeting signal ofCPY The open box
represents the full-length mature invertase segment . The positions
of N-linked oligosaccharides are marked above the invertase seg-
ment . (B) Strain 6210 (KEX2, +) or XMC36-10d (KEX2, -) har-
boring plasmids expressing either the parent CPYinvertase fusion
which lacks the ofinsert (CYI) or the trimeric fusionproteins were
patched ontoYP fructose plates and were grown overnight . Inver-
tase filter assays were performed as described (Klionsky et al .,
1988) using filter replicas of the master plate before (Intact Cells)
and after (CHC13 Lysed) chloroform vapor lysis of the yeast cells.
Quantitativeliquid invertase assays weredone with the same strains
grown to mid-logarithmic phase in YPD broth . The percent inver-
tase secreted was calculated as previously described (Johnson et
al., 1987) . All strains expressed approximately the same level of
invertase units per OD6w of cells as determined by quantitative
liquid assay.
214(Fig . 6, lane 1) . However, after 45 min of chase most of the
protein (75 %) was found in the media and the polypeptide
now migrated as a 59-kD protein (lane 4) . This form comi-
grated with endo H-treated invertase secreted from wild-
type cells (data not shown) . The 59-kD protein was not found
in the media from spheroplasts expressing the C&I construct
(lanes S and 6) indicating its formation required the presence
ofthe ofKex2 cleavage site . These data suggest that the Kex2
endopeptidase cleavage occurred at the expected site in the
CM fusion protein and only the material cleaved by Kex2p
could be secreted . The intact fusion protein (63-kD form)
present after the chase period was only found inside the cells
(lane 3) suggesting that the material not cleaved by Kex2p
was sorted to the vacuole . In this experiment the fusion pro-
teins were expressed in a pep4 strain because in earlier ex-
periments we found that the proCPY portion of the fusion
protein retained within the cell was unstable in PEN cells
(data not shown and Johnson et al ., 1987) . This indicates
that the intact C6tI fusion proteins that were retained within
the cell were localized to the vacuole with the PEN-depen-
dent proteases which cleave within the pro-CPY segment of
the triple fusion (Mechler et al., 1987) . The data shown in
Fig . 2 demonstrates that pro-afcan be blocked in the ER and
early Golgi compartments for up to an hour without notice-
able processing byKex2p. In addition, when the labeledCM
fusion protein was trapped in theER in sec18 cells for 45 min,
no Kex2p-dependent processing occurred (data not shown) .
Therefore, the observed results cannot be explained by cleav-
age of the C&I fusion protein by newly synthesized Kex2p
traversing the ER or early Golgi compartments en route to
the late Golgi complex . These experiments suggest that vac-
uolar proteins transit through theKex2p compartment before
removal from the secretory pathway, and that sorting of vac-
uolar proteins from secreted proteins occurs either within
the Kex2p compartment or in a more distal compartment .
Figure 6 . KEX2-dependent proteolytic processing of the C61I fusion
protein. Strain DKY6224 harboring plasmids pCeil or pC&I were
converted to spheroplasts, labeled at 30°C for 5 min, and chased
for 45 min . At the indicated time points aliquots were removed,
centrifuged briefly to divide the samples into an intracellular (I)
and extracellular (E) fraction, and the chase was stopped by the
addition ofTCA . The fusion proteins were recovered from the sam-
ples by immunoprecipitation with invertase antibodies . The immu-
noprecipitated proteins were subsequently treated with endogly-
cosidase H as described (Johnson et al ., 1987), and fractionated in
a 10% SDS-polyacrylamide gel . The position of the intact fusion
proteins is shown (Cal) as is the relative molecular weight of the
gene-fusion products . The 59-kD invertase form found in the cellu-
lar fraction after the 45-min chase (lane 3) may have been retained
in the periplasmic space of cells not converted to spheroplasts (8%
in this experiment) .
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Discussion
In this workwe have described a novel approach to analyzing
the role of the early acting sec mutants in protein transport
events distal tothe primary blockexhibited by these mutants .
We have found that Secl8p and Sec23p are required for pro-
tein transport out of the ER as originally determined, but
also for transport events distal to the ER (Figs . 2 and 3) .
Consistent with in vitro observations (Wilson et al., 1989 ;
Beckers et al., 1989 ; Diaz et al., 1989), our data indicates
that Secl8p/NSF performs a crucial function in most, if not
all, intercompartmental protein transport events in the secre-
tory pathway in vivo. We have demonstrated a requirement
for Secl8p for the following events in of biosynthesis : (a)
Addition ofal-6 linked mannose to the core glycosylated
form ; (b) addition of cal-3 linked mannose to the al-6
mannosylated form ; (c) Kex2p-dependent proteolytic pro-
cessing of the ael-3 mannosylated form ; and (d) the secre-
tion of maf into the media (Fig. 2) . Because Secl8p/NSF
functions to catalyze the vesicle-mediated transfer of pro-
teins from one compartment to another (Wilson et al .,
1989), our results indicate that each of the events listed above
require intercompartmental transfer of af. Fig . 7 depicts this
information in a schematic drawing of the yeast secretory
pathway. We present evidence for three functionally distinct
Golgi compartments which contain, from cis to trans ; an
al-6 mannosyltransferase, an al-3 mannosyltransferase,
and the Kex2 endopeptidase . Sec23p has also been shown to
be required both in vivo and in vitro for intercompartmental
protein transport (Hicke and Schekman, 1989) . We have
found that both core glycosylated and cel-6 mannosylated
ofprecursors are blocked from continued transport in sec23
cells at the nonpermissive temperature, while pro-cif mod-
ified with al-3 linked mannose appears to be efficiently
processed to maf and secreted from the cell (Fig . 2) .
Core C pro-«f
￿
p1CPY
215
1
SEC23
O
O
O
SEC18
Figure 7 . Model for the compartmental organization ofposttransla-
tional modification and vacuolar protein sorting events in the yeast
Golgi complex (see Discussion for details) .Surprisingly, Secl8p does not appear to be required for in-
tercompartmental protein transport to the vacuole (Fig. 3).
We have found that p2 CPY is present in at least two com-
partments in the yeast cell. Kinetic experiments have indi-
cated that Secl8p is required for transport of p2 CPY from
the compartment in which it is formed (the al-3 mannosyl-
transferase compartment) to a distal compartment. However,
Secl8p is apparently not required for transport of p2 CPY
from this later compartment to the vacuole (Fig. 4) . All of
p2 CPY is processed to mCPY in sec23 cells at 37°C (Fig.
3) . This is consistent with the results obtained using of as
the marker. Glycoproteins traversing the secretory pathway
present within or beyond the al-3 mannosyltransferase com-
partment seemingly do not require Sec23p function for con-
tinued transport. This result also shows that protein export
from late Golgicompartments can occur efficiently in the ab-
sence of protein import from earlier compartments. There-
fore, the portion of p2 CPY blocked in secl8 cells is not
likely to be a secondary consequence of blocking earlier
transport events. The difference in osmotic stability between
the donor compartment containing the Secl8p-independent
pool of p2 CPY and the processing compartment (the vacu-
ole) allowed us to show that this pool of p2 CPY was in a
distinct prevacuolar compartment and that CPY maturation
was indicative of intercompartmental transport to the vacu-
ole (Table II). The action of Secl8p appears to be a basic re-
quirement for intercompartmental protein transport through
the secretory pathway, yet this activity does not appear to be
needed for protein transport to the vacuole. It is interesting
to speculate that another protein may provide a Secl8p/NSF-
like function in vacuolar protein transport, or that perhaps
the cell has evolved an entirely differentmechanism for inter-
compartmental protein transport to the vacuole. Consistent
with this model, many VPS genes have been identified that
are required for vacuolarprotein transportbut not for protein
secretion (Bankaitis et al ., 1986; Robinson et al., 1988 ;
Rothman et al., 1989; Rothman and Stevens, 1986).
We cannot rule out the possibility that Secl8p and Sec23p
are required for all intercompartmental transport events. If
this is the case, then the thermal inactivation of the secl8-1
and sec23-1 gene products must affect only a subset of the
transport events catalyzed by these proteins. This seems un-
likely, as one would have to argue for a different mechanistic
requirement for these proteins at different transport steps.
For example, a thermally stable domain of the Sec18-1 pro-
tein may be required for vacuolar protein transport, or per-
haps this protein is protected from thermal inactivation at
this step because it resides in a different protein complex . Al-
though these explanations are possible, the simplest interpre-
tation of our data is that Secl8p is not required for Golgi
compartment to vacuole transport and Sec23p is not required
for transport events distal to the c«1-6 mannosyltransferase
compartment.
The diagram in Fig . 7 represents the minimal number of
Golgi compartments for which we have obtained evidence.
It is possible that other compartments exist. A 28-kD form
of of has been shown to be an intermediate between core
glycosylated and cel-6 linked mannose forms of of in an in
vitro ER to Golgi assay (Bacon et al., 1989). The chemical
nature of this modification has not been demonstrated but it
is formed within GolgiMembranes and the YP77 gene prod-
uct is required for its subsequent modification with al-6
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linked mannose in vitro (Groesch et al ., 1990) . In addition,
pro-af that has been tagged at the carboxyl terminus with the
yeast ER retention signal HDEL apparently receives this
limited modification in the Golgi compartment and is re-
trieved back to the ER (Dean and Pelham, 1990) . This
modification has been suggested to occur in a distinct com-
partment that may be analogous to the salvage compartment
described for mammalian cells (Warren, 1990). Although a
28-kD form of pro-af appears to be blocked in sec23 cells
at 37°C (Fig. 2) we cannot clearly differentiate it from the
more extensively modified forms migrating just above it be-
causeall of these of forms are recognizedby the c1-61ink-
age specific antisera used in this study. Thus, our results nei-
ther confirm nor deny the presence of this compartment.
Yeast also contain an al-2 mannosyltransferase that acts on
N-linked oligosaccharides (Ballou, 1982). Others (Franzusoff
and Schekman, 1989) have suggested that this enzyme is se-
questered in a compartment distinct from the al-6 mannosyl-
transferase and before the al-3 mannosyltransferase. This
was based on the partial resistance of pro-cYf, glycosylated
in an in vitro ER to Golgitransport assay, to endomannanase
treatment (this enzyme cleaves al-6 mannose linkages on
N-linked oligosaccharides that have not been substituted with
cYl-2 mannose). Yet, the apparent complete endomannanase
resistance of partially modified invertase accumulated in a
sec7 mutant couldargue that these mannosyltransferases are
not sequestered to different compartments (Franzusoff and
Schekman, 1989) .
Lysosomal enzymes in mammalian cells are thought to be
sorted from secreted proteins in the TGN and transported to
an endosomal compartment where they dissociate from the
mannose-6-phosphate receptor (Griffiths and Simons, 1986;
Dahms et al ., 1989). The lysosomal enzymes are subse-
quently transferred from the endosome to lysosomes by an
unknown mechanism. It is not known if yeast vacuolar pro-
teins transit through an endosomal compartment before ar-
rival in the vacuole. The compartmental nature of the yeast
Golgi complex suggested by our data provided us with the
opportunity to ask where within the Golgi complex vacuolar
proteins are sorted from secreted proteins. Both CPY and
pro-af require the MNNI gene product for al-3 mannosy-
lation suggesting that sorting occurs after this event (Ballou
et al ., 1990). Our data indicated that much of p2 CPY was
in a compartment trans to the al-3 mannosyltransferase
compartment. It seemed likely that at least a portion of this
Secl8p-independent pool was in the Kex2p compartment. To
test ifvacuolar proteins pass through this latter compartment
en route to the vacuole, we constructed a CPYaf-invertase
fusion gene to express a vacuolar protein that is a substrate
for Kex2p. The efficient KEX2-dependent cleavage ofthe tri-
ple fusion protein in cells expressing this construct indicates
that vacuolar proteins transit through the Kex2p compart-
ment. Moreover, the KEX2-dependent secretion of invertase
from these cells indicates that this cleavage event occurred
before the intact fusion protein was sorted from the secretory
pathway. Our data argue against this KEX2-dependent pro-
cessing event occurring in secretory granules or in the vacu-
ole. As previously suggested (Julius et al., 1984b), Kex2p
must initially act in a late Golgi compartment before, or con-
comitant with, the vacuolar protein sorting event. As seen
in Fig. 1, pro-af can be blocked early in the secretory path-
way in sec18 and sec23 cellsfor up to an hour without notice-
21 6able conversion to maf. Thus, the small amount of newly
synthesized Kex2p that is progressing through these early
compartments is apparently inactive or at least is present in
insufficient quantity to efficiently process af. Therefore, pro-
teolytic processing of the CPYaf-invertase fusion protein
before this protein reached the Kex2 compartment cannot ac-
count for the secretion ofinvertase. The small fraction ofthe
triple fusion protein not cleaved by Kex2p may have escaped
processingdue either to inefficient proteolysis ofthis unnatu-
ral substrate or to the active sorting of this protein from the
secretory pathway before Kex2p could cleave it.
Our results suggest that vacuolar proteins transit through
the Kex2p compartment en route to the vacuole and that
vacuolar proteins are sorted from secreted proteins in this
compartment or in a more distal compartment. Because we
have no evidence for a more distal Golgi compartment at this
time and because maf is likely to be packaged into secretory
vesicles at this step (Bresnahan et al., 1990; Fuller et al.,
1989; Thomas et al., 1988; Julius et al., 1984b), we suggest
that sorting occurs within the Kex2 compartment (Fig. 7).
Consistent with this hypothesis, we have recently found that
a subset of vps mutants which are defective in the sorting
of vacuolar proteins also exhibit a defect in the processing
of pro-af by Kex2p (Robinson, J. S., T. R. Graham, and
S. D. Emr, unpublished results). This phenotype might be
expected if the vps mutation adversely affects a Golgi com-
partment in which both events occur.
In conclusion, although the details of the morphological
structure of the yeast Golgi complex are not yet known, the
functional organization ofthis organelle seems to be remark-
ably similar to that of the multi-cisternal Golgi complex of
mammalian cells. This makes yeast an attractive model sys-
tem for studying how the compartmental organization ofthe
Golgicomplex is established, how specific proteins are sorted
to and maintained within each Golgi compartment, and how
secreted and vacuolar proteins are transported into and out
of each of these compartments.
We would like to thank Randy Schekman for supplying antibodies against
ofand specificcarbohydratelinkages. We areparticularly grateful to Bruce
Horazdovsky, Jane Robinson, Jeff Stack, Paul Herman, Tom Vida, Ger-
hard Paravicini, and Karl K6hrer for helpful discussion and critically read-
ing this manuscript, and also to Nancy King for secretarial assistance.
This work was supported by Public Health Service grant GM-32703
from the National Institutes of Health to S. D. Emr. T. R. Graham was
supported by a postdoctoral research fellowship from the American Cancer
Society.
Received for publication 24 January 1991 and in revised form 11 March
1991 .
References
Bacon, R. A., A. Salminen, H. Ruohola, P. Novick, and S. Ferro-Novick.
1989. The GTP-binding protein Yptl is required for transport in vitro: the
Golgi apparatus is defective in yptl mutants. J. Cell Biol. 109:1015-1022.
Baker, D., L. Hicke, M. Rexach, M. Schleyer, andR. Schekman. 1988. Recon-
stitution of SEC gene product-dependent intercompartmental protein trans-
port. Cell. 54:335-344.
Balch, W. E., B. S. Glick, and J. E. Rothman. 1984. Sequential intermediates
in the pathway of intercompartmental transport in a cell-free system. Cell.
39:525-536.
Ballou, C. 1982. Yeast cell wall and cell surface. In The Molecular Biology
of the Yeast Saccharomyces cerevisiae: Metabolism and Gene Expression.
J. N. Strathem, E. W. Jones, and J. R. Broach, editors. Cold Spring Harbor
Laboratory, Cold Spring Harbor, NY. 335-360.
Ballou, L., L. M. Hernandez, E. Alvarado, and C. E. Ballou. 1990. Revision
of the oligosaccharide structures of yeast carboxypeptidase Y. Proc. Nad.
Graham and Emr Compartmental Organization ofthe Yeast Golgi
Acad. Sci. USA. 87:3368-3372.
Bankaitis, V. A., L. M. Johnson, and S. D. Emr. 1986. Isolation of yeast mu-
tants defective in protein targeting to the vacuole. Proc. Nad. Acad. Sci.
USA. 83 :9075-9079.
Beckers, C . J. M., M. R. Block, B. S. Glick, J . E. Rothman, and W. E. Balch.
1989. Vesicular transport between the endoplasmic reticulum and the Golgi
stack requires the NEM-sensitive fusion protein. Nature (Lond.). 339:397-
398.
Block, M. R., B. S. Glick, C. A. Wilcox, F. T. Wieland, and J. E. Rothman.
1988. Purification ofan N-ethylmaleimide-sensitive protein catalyzingvesic-
ular transport. Proc. Nad. Acad. Sci. USA. 85:7852-7856.
Bresnahan, P. A., R. Leduc, L. Thomas, J. Thorner, H. L. Gibson, A. J.
Brake, P. J. Barr, and G. Thomas. 1990. Humanfur gene encodes a yeast
KEX2-like endoprotease that cleaves pro-ß-NGF in vivo. J. Cell Biol. 111 :
2851-2859.
Bussey, H. 1988. Proteases and the processing of precursors to secreted pro-
teins in yeast. Yeast. 4:17-26.
Cunningham, K. W., and W. T. Wickner. 1989. Yeast KEX2 protease and
mannosyltransferase I are localized todistinctcompartments ofthe secretory
pathway . Yeast. 5:25-33.
Dahms, N. M., P. Lobel, and S. Kornfeld. 1989. Mannose 6-phosphate recep-
tors and lysosomal enzyme targeting. J. Biol. Chem. 264:12115-12118.
Dean, N., and H. R. B. Pelham. 1990. Recycling of proteins from the Golgi
compartment to the ER in yeast. J. Cell Biol. 111 :369-377.
Diaz, R., L. S. Mayorga, P. J. Weidman, J. E. Rothman, and P. D. Stahl. 1989.
Vesicle fusion following receptor-mediated endocytosis requires a protein
active in Golgi transport. Nature (fond.). 339:398-400.
Eakle, K. A., M. Bernstein, and S. D. Emr. 1988. Characterization ofacompo-
nent oftheyeast secretion machinery; identification of the SEC]8 gene prod-
uct. Mol. Cell. Biol. 8:4098-4109.
Emr, S. D., R. Schekman, M. C. Flessel, and J. Thorner. 1983. An MFa-SUC2
(a-factor-invertase) gene fusion for studyofprotein localizationand geneex-
pression in yeast. Proc. Natl. Acad. Sci. USA. 80:7080-7084.
Esmon, B., P. Novick, and R. Schekman. 1981. Compartmentalized assembly
of oligosaccharides on exported glycoproteins in yeast. Cell. 25:451-460.
Farquhar, M. G. 1985. Progress in unraveling pathways of Golgi traffic. Annu.
Rev. Cell Biol. 1:447-488.
Franzusoff, A., and R. Schekman. 1989. Functional compartments ofthe yeast
Golgi apparatus are defined by the sec7 mutation. EMBO (Eur. Mol. Biol.
Organ.) J. 8:2695-2702.
Fuller, R. S., A. J. Brake, and J. Thomer. 1989. Intracellular targeting and
structural conservation of a prohormone-processing endoprotease. Science
(Wash. DC). 246:482-486.
Fuller, R. S., R. E. Sterne, and J. Thomer. 1988. Enzymes required for yeast
prohormone processing. Annu. Rev. Physiol. 50:345-362.
Griffiths, F., and K. Simons. 1986. The trans Golgi network: sorting at the exit
site of the Golgi complex. Science (Wash. DC). 234:438-443.
Groesch, M. E., H. Ruohola, R. Bacon, G. Rossi, and S. Ferro-Novick. 1990.
Isolation of a functional vesicular intermediate that mediates ER to Golgi
transport in yeast. J. Cell Biol. 111 :45-53.
Hemmings, B. A., G. S. Zubenko, A. Hasilik, and E. W. Jones. 1981. Mutants
defective in processing of an enzyme located in the lysosome-like vacuole
of Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA. 78:435-439.
Hicke, L., and R. Schekman. 1989. Yeast Sec23p acts in the cytoplasm to pro-
mote proteintransport from the endoplasmic reticulumto the Golgi complex
in vivo and in vitro. EMBO (Eur. Mol. Biol. Organ.) J. 8:1677-1684.
Johnson, L. M., V. A. Bankaitis, and S. D. Emr. 1987. Distinct sequencedeter-
minants direct intracellular sorting and modification ofa yeast vacuolar pro-
tein. Cell. 48 :875-885.
Julius, D., A. Brake, L. Blair, R. Kunisawa, and J. Thomer. 1984a. Isolation
ofthe putative structural gene forthelysine-arginine-cleaving endopeptidase
required for processing of yeast prepro-a-factor. Cell. 37:1075-1089.
Julius, D., R. Schekman, and J. Thomer. 1984b. Glycosylation andprocessing
of prepro-a-factor through the yeast secretory pathway. Cell. 36:309-318.
Kaiser, C . A., and R. Schekman. 1990. Distinctsets ofSEC genes govern trans-
port vesicle formation and fusion early in the secretory pathway. Cell.
61:723-733.
Klionsky, D. J., L. M. Banta, and S. D. Emr. 1988. Intracellular sorting and
processing of a yeast vacuolar hydrolase: proteinase A propeptide contains
vacuolar targeting information. Mol. Cell. Biol. 8:2105-2116.
Klionsky, D. J., P. K. Herman, and S. D. Emr. 1990. The fungal vacuole: com-
position, function, and biogenesis. Microbiol. Rev. 54:266-292 .
Kurjan, J., and I. Herskowitz. 1982. Structure of a pheromone gene (MFa):
A putative a-factor precursor contains four tandem copies of mature a-fac-
tor. Cell. 30:933-943.
Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage. Nature (Lond.). 227:680-685.
Malhotra, V., L. Orci, B. S. Glick, M. R. Block, and J. E. Rothman. 1988.
Role ofan N-ethylmaleimide-sensitive transportcomponent in promoting fu-
sion oftransport vesicles with cisternaeoftheGolgi stack. Cell. 54:221-227.
Mechler, B., H. Muller, and D . H. Wolf. 1987. Maturation of vacuolar
(lysosomal) enzymes in yeast: proteinase yscA and proteinase yscB are
catalysts of the processing and activation event of carboxypeptidase yscY.
EMBO (Eur. Mol. Biol. Organ.) J. 6:2157-2163 .
Miller, J. 1972. Experiments in Molecular Genetics. ColdSpring Harbor Labo-
217ratory, Cold Spring Harbor, NY. 431-435.
Novick, P., S. Ferro, and R. Schekman. 1981 . Order of events in the yeast
secretory pathway. Cell. 25:461-469.
Novick, P., C. Field, and R. Schekman. 1980. Identification of 23 complemen-
tation groups required for post-translational events in the yeast secretory
pathway. Cell. 21 :205-215.
Novick, P., and R. Schekman. 1979. Secretion and cell surface growth are
blocked in a temperature-sensitive mutant of Saccharomyces cerevisiae.
Proc. Nail. Acad. Sci. USA. 76:1858-1862.
Orci, L., V. Malhotra, M. Amherdt,T. Serafini, andJ. E. Rothman. 1989. Dis-
section of a single round ofvesicular transport: sequential intermediates for
intercisternal movement in the Golgi stack. Cell. 56:357-368.
Palade, G. 1975. Intracellular aspects of the process of protein synthesis.
Science (Wash. DC). 189:347-357.
Pfeffer, S. R., andJ. E. Rothman. 1987 . Biosynthetic protein transportand sort-
ing by the endoplasmic reticulum and Golgi. Anna. Rev. Biochem. 56:829-
852.
Robinson, J. S., D. J. Klionsky, L. M. Banta, and S. D. Emr. 1988. Protein
sorting in Saccharomyces cerevisiae: isolation of mutants defective in the
delivery and processing of multiple vacuolar hydrolases. Mol. Cell. Biol.
8:4936-4948.
Rothman, J. H.,1. Howald, and T. H. Stevens. 1989. Characterization of genes
required for protein sorting and vacuolar function in the yeast Saccharo-
myces cerevisiae. EMBO (Eur. Mol. Biol. Organ.) J. 8:2057-2065.
Rothman, J. H., and T. H. Stevens. 1986. Protein sorting in yeast: mutants
defective invacuolebiogenesis mislocalization vacuolarproteins intothe late
secretory pathway. Cell. 47:1041-1051 .
The Journal of Cell Biology, Volume 114, 1991
Sherman, F., G. R. Fink, and L. W. Lawrence. 1979. Methods in Yeast
Genetics: A Laboratory Manual. Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY.
Sikorski, R. S., and P. Hieter. 1989. A system of shuttle vectors and yeast host
strains designed for efficient manipulation of DNA in Saccharomyces cere-
visiae. Genetics. 122:19-27.
Steven, T., B. Esmon, and R. Schekman. 1982. Early stages in the yeast secre-
tory pathway are required fortransportofcarboxypeptidase Yto thevacuole.
Cell. 30:439-448.
Thomas, G., B. A. Thome, L. Thomas, R. G. Allen, D. E. Hruby, R. Fuller,
and J. Thorner. 1988. Yeast KEX2 endopeptidase correctly cleaves a neu-
roendocrine prohormone in mammalian cells. Science (Wash. DC.) . 241 :
226-230.
Vida, T. A., T. R. Graham, and S. D. Emr. 1990. In vitro reconstitution of
intercompartmental protein transport to the yeast vacuole. J. Cell Biol.
111:2871-2884.
Warren, G. 1990. Salvage receptors: two of a kind? Cell. 62:1-2.
Wickerham, L. J. 1946. A critical evaluation of the nitrogen assimilation tests
commonly used in the classification of yeasts. J. Bacteriol. 52:293-301.
Wilson, D. W., C. A. Wilcox, G. C. Flynn, E. Chen, W.-J. Kuang, W. J. Hen-
zel, M. R. Block, A. Ulrich, and J. E. Rothman. 1989. A fusion protein re-
quired for vesicle-mediated transportinboth mammalian cells andyeast. Na-
ture (Load.). 339:355-359.
Zubenko, G. S ., F. J. Park, and E. W. Jones. 1983 . Mutations in PEP4 locus
of Saccharomyces cerevisiae block final step in maturation of two vacuolar
hydrolases. Proc. Natl. Acad. Sci. USA. 80:510-514.
21 8